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CALCULATION OF VISCOSITY I N  MOLTEN SALTS (OXIDES) 

0 .  K .  Sokolov 

ABSTRACT 

The author der ives  an equation based on Coulomb’s 
l a w  f o r  calculat ing the v i s c o s i t y  of molten salts (oxides) 
i n  which there  are two or fewer anions per cat ion.  V i s 
c o s i t i e s  calculated on the basis of th i s  equation agree 
s a t i s f a c t o r i l y  with experimental data .  Tables w e  given 
showing v i s c o s i t i e s  calculated on the b a s i s  of t h i s  f o r 
mula f o r  several  sa l ts  f o r  which there  are no empirical 
data.  

The understanding of many pyrometallurgical processes i s  dependent /89* 
on a knowledge of the v i s c o s i t y  of m e l t s ,  a subject on which available data are 
scarce. The author previously suggested (reference 1) t h a t  the v i s c o s i t y  of 
salts  (oxides) might be evaluated q u a l i t a t i v e l y  from t h e i r  c r y s t a l l i n e  and chemi
c a l  propert ies .  However, q u a l i t a t i v e  evaluation i s  not enough. Therefore we 
propose an equation f o r  ca lcu la t ing  the v iscos i ty  of salts (oxides) a t  temper
atures  close t o  t h e i r  melting points .  

A s  i s  general ly  known, the  v i s c o s i t y  of a l i q u i d  i s  defined as i t s  ea
pac i ty  t o  r e s i s t  the  mutual displacement of i t s  p a r t s .  For two layers  of a 
l i q u i d ,  having a contact area s and moved by a force  F with v e l o c i t i e s  v1 and 

v2, the force necessary f o r  maintaining a constant difference i n  v e l o c i t i e s  may 

be expressed as (reference 4) 

where x i s  the dis tance between layers  measured perpendicular t o  the d i rec t ion  
of motion, and ‘ll i s  v iscos i ty .  

*Numbers given i n  the  margin ind ica te  the pagination i n  the o r i g i n a l  fore ign  
t e x t .  



Let us examine the nature  of v i s c o s i t y  i n  mel ts .  Consider a microscopic 
quant i ty  of the  melt. Here the v i scos i ty  i s  determined by the  res i s tance  t o  
displacement offered by one group of ions with respect  t o  another i d e n t l c a l  
group of ions corresponding t o  the  short-range order of t he  c r y s t a l  l a t t i c e  
s t ruc tu re  of t he  salt (oxide) .  And s ince t h e  melt as a whole i s  made up of a 
la rge  number of such microscopic quan t i t i e s ,  i .e.,groups of ions which a re  not 
i so l a t ed  but  are uni ted by mutual a t t r a c t i o n ,  t he  v i s c o s i t y  of molten media i s  
a l so  determined by the  a b i l i t y  of one group of ions t o  move with respect  t o  
another group. The v i s c o s i t y  i n  melts of salts (oxides) having more than two 
ca t ions  i s  determined by t h e  capacity of a p a r t  of an ion group t o  move with 
respect  t o  another p a r t  of t he  same group. We s h a l l  def ine a p a r t  of an ion 
group as one ca t ion  and t h e  anions of t h e  given sa l t  (oxide) bound t o  t h i s  ion.  
I n  order t o  s implify the  discussion i n  der iving the equation, it w i l l  be as
sumed below t h a t  a group of ions cons is t s  of one ca t ion  with a number of anions 
equal t o  the  valence of t h i s  ca t ion .  

A f u r t h e r  explanation i s  necessary f o r  t he  f a c t o r s  which accelerate  or 
r e t a rd  t h i s  movement of ions,  which depends on the  force  of i n t e rac t ion  between 
ions of opposite s ign.  The res i s tance  t o  motion between two groups of ions,  
and consequently the  v i s c o s i t y  of t he  molten salt  (oxide) ,  increases  with the 
s t rength of t h i s  i n t e rac t ion .  The force  of a t t r a c t i o n  F 1  between two ions of 
opposite s ign i s  given by Coulomb's law /90 

where z1 and z2 are the  ion valences, e i s  the  charge of the  e lec t ron  and d i s  

the  dis tance between the  centers  of the ions .  

The f igu re  shows t h a t  the  force  of i n t e rac t ion  a f f e c t s  t he  motion of one 
group of ions with respect  t o  another i n  pos i t ion  I.  But t he  force calculated 

pos i t ion  I pos i t ion  I1 pos i t ion  I11 
a(q-& 

i 

+ + 

pos i t ion  I '  pos i t ion  11' 
b 

In t e rac t ion  between two groups of ions .  
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according t o  Coulomb's l a w  i s  not i d e n t i c a l  t o  the force  which opposes t h e  mo
t i o n  of one group of ions with respect t o  another. I n  the case of univalent 
anions and cat ions ( s e e  f i g u r e )  t h i s  l a t t e r  force i s  twice as great  as t h a t  
calculated according t o  Coulomb's l a w ,  and f o r  the case where the valence of 
the cat ion i s  higher,  the  force  calculated according t o  Coulomb's l a w  must be 
increased by a f a c t o r  of ( n  + 1)where n i s  the number of anions bound t o  a 
s ingle  cat ion.  I n  t h i s  case the e f fec t ive  force  i n  posi t ion I i s  given by the  
equation 

I n  posi t ion 11, the  force  of in te rac t ion  has no e f f e c t  on the r e s t r a i n t  
of one group of ions with respect  t o  another, but t h i s  force  begins t o  operate 
i n  posi t ion 111. However, i n  posi t ions I '  and 11' the ca t ion  i s  acted on s i 
multaneously by forces  of mutual in te rac t ion  and repulsion ( see  f i g u r e  b)  so 
t h a t  t h e  force  @ 'opposes t h e  displacement of one group of ions with respect t o  
the other on a path equal t o  ;Ira - rc o r ,  expressing r i n  terms of d ,  3r, - d .  

I n  posi t ion 11, the repuls ive interact ionbetweenl ike ions causes /91
mutual displacement which increases w i t h  the  valence of the anions. Consequently, 
the v iscos i ty  of the melt may be expressed by the  equation 

%?(3r, - d ) ( n  f1). 
= -2 

I n  order t o  use t h i s  equation f o r  determining the absolute v i s c o s i t i e s  
( i n  poises) of molten sal ts  (oxides) close t o  t h e i r  melting points ,  the coef
f i c i e n t  k must be introduced, and the equation takes  the f i n a l  form 

'I= z e 2  (3  ra- d )  ( n  + 1) R. 
d2 

The coef f ic ien t  k i s  expressed i n  sec/cm3 and depends on the type of 
anion. W e  calculated k from experimental data ,  a r r iv ing  at  a value of 10 f o r  
chlorides and f luor ides ,  and lo4 f o r  sulf ides  and oxides. The coef f ic ien t  k 
may be calculated f o r  sal ts  w i t h  any anion if there  are empirical  d a t a  ava i l 
able on the v i s c o s i t y  of even one sal t  with the given anion. 

The empirical d a t a  on t h e  v i s c o s i t i e s  of several  salts are given i n  table 
1together with the t h e o r e t i c a l  values calculated from the equation proposed i n  
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TABLE 1. EXPERIMENTAL AND TREOmTICAL VISCOSITY 
OF SEVERAL MOLTEN SALTS. 

salt MeIting 
point ,  OC 

~ 

LiC 1 614 
N a C l  800 
AgC 1 455 
KC 1 790 
MgC12 718 
caC1, 772c 


B203 847 

* 

Viscosi ty  , poises 

Temperature, 
OC 

Experiment a1 
value ( r e f .  4) 

Theoret i c  a1 
value 

617 0.01810 0.0202 
816 0.01490 0.0152 
603 o .01_606 o .0165 
800 0.01080 0.0107 
808 0.04120 o .0585 
800 0.04940 o .0511 
850 170.O* 144.O 
900 118.o 

0. A. Yesin and V. P. Gel'd Physical Chemistry of Pyro
metal lurgical  	Processes, Vol. 11, p. 258, Metallurgizdat 
(Metallurgy Publishing House) , 1954. 

TABLE 2. VISCOSITY CALCULATED FROM TKE FORMULA DERIVED I N  THIS 
PAPER FOR SEVERAL HALIDES AT A "PERATURE 
THEIR MELTING POINTS. 

Distance between 

salt 
the anion and c a t -

ion i n  the crys-
t a l ,  %. ( r e f s .  2 

Viscosity,  
poises 

S a l t  

and 3) 

L i C l  2.56 0.0202 
AgC 1 2.77 0.0165 
N a C l  2.81 o .0152 
KC 1 3.14 0.0107 
RbC 1 3.27 0.0094 
T l C l  3.32 0.0088 
C U C l  2.34 o .0269 
C S C l  3.56 o .0068 
HgC12 
MgC12 
caC12 

2.25 
2.59 
2 .TO 

o .0867 
o .0585 
0.0511 

SrC12 3.02 0.0367 
BaC12 3.05 0.0335 
CUF 1.84 0.0294 
LiF 2.01 0.0226 
NaF 2.31 0.0145 

SOMEWHAT HIGHER THAN 


Distance between 
the anion and c a t 

ion i p  the crys
t a l ,  A ( r e f s .  2 

and 3) 
~ __ 

2.46 
2.67 
2.82 
3 .oo 
1.57 
2 .oo 
2 .oo 
2.05 
2.12 
2.15 
2.34 
2.34 
2.36 
2.40 
2.50 
2.57 
2.68 

Viscosity , 
poises 

o . o n 6  
o .0086 
0.0068 
0.0051 
0.1345 
o ,0677 
o .0677 
0.0640 
0.0577 
0.0552 f
0.0417 
0 .Oh17 
o . o b 5  I 

o .0384 
0.0330 
o .0092 
o ,0252 
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TABiX 3. VISCOSITY CALCULATED FROM TRE FORMULA DERIVED I N  THIS 
PAPER FOR SEVERAL SULFIDES AT A TEMPERATlSRE SOMEWHAT BIGKER TKAN 
TREIR MELTING POINTS. 

Distance between Distance between 

i n  the  c r y s t a l ,  
A ( r e f s .  2 ana 3) 

poises i n  theoc r y s t a l ,  
A 

poises 

-

cu2s 2.24 20.5 M n S  2.60 35.6 

Li2S 2.47 15.9 MgS 2.60 35.6 

N a2S 2.32 10.3 CaS 2.84 27.6 

K 2 S  3.20 6.8 PbS 2 -95 24.1 

Rb2S 3.31 6 .o SnS 2.99 22.2 

BeS 2.10 66 .o SrS 3.01 20.5 

CUS 2.19 58.8 BaS 3 . I9  18.5 

cos 2.33 49.5 FeS2 2.09 19900 

N i S  2.35 4 8 . 1  MoS2 2.35 145.O 

Z n S  2.35 48.1 T i s 2  2.42 134.O 

FeS 2.45 42.1 ws2 2.48 122 .o 

Sulf ide anion and ca t ion  Viscosity,  Sulf ide anion and cat ion Viscosity,  

CdS 2.52 39.5 ZrS2 2.58 111.5 

HgS 2.53 38.7 
~ 

t h i s  paper. These data show s a t i s f a c t o r y  agreement. This ind ica tes  that  t h e  
proposed equation may be used for calculat ing the v i s c o s i t y  of molten salts 
(oxides) which have two or fewer anions per cat ion.  This i s  due t o  the assump
t i o n  tha t  the proposed equation cannot account f o r  the force of in te rac t ion  and 
the path along which t h i s  force  i s  e f fec t ive  (between groups of ions) for salts 
(oxides) i n  which there  are more than two anions per cat ion.  /92 

Viscos i t ies  calculated on the b a s i s  of the  proposed equation f o r  severa l  
chlorides,  f luor ides ,  s u l f i d e s  and oxides for which there  are no experimental 
data are given i n  t a b l e s  2, 3 and 4. 
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TA.BLE 4. VISCOSITY CALCULATED FROM THE FORMULA DERIVED I N  THIS 
PAPER FOR SmRAL OXIDES AT A TEMPERATURE SOMEWHAT HIGRER THAN 
THEIR MELTING POINTS. 

Distance between Distance between
the anion and ca t - Viscosity,  

Oxide the anion and ca t - Viscos i ty ,
Oxide ion i r ; f  the crys- poises poises 

t a l ,  	A ( re fs .  1 ion  i n  theocrys

and 3) 
tal, A 

I 

cu20 1.84 21.60 G a  0
2 3  

2 .oo 84.5 

L i20  2 .oo 16.90 Mn203 2.01 83.o 

b 2 O  2.05 15.80 2 3Fe 0 2.06 77.3 

N a 2 0  2.40 9.35 Cr203 2.10 73 .o 

K20 2.70 5.20 In203 2.16 66.7 

Rb20 2.92 4.25 Sb.203 2.22 61.3 

Be0 
ZnO 
CUO 

1.64 
1 -93  
1 - 9 3  

�0.oo 
50.25 
48.50 

T1203 
S 1 O 2  

2.26 
2.27 
1.62 

57.3 
56.6 

247 .O 
vo 
N i O  
Ti o  

2 .Ob 
2.08 
2.08 

42.25 
40.25 
40.25 

vo2 
Ti02  
GrO, 

1.93 
1.97 
1.97 

142.O 
142.O 

150 5 

MgO 
coo 

2.10 
2.13 

38.85 
37.30 

RuO; 
0 S O 2  

1.98 
1.99 

139.5 
138.o 

FeO 
MnO 

2.14 
2.20 

36.75 
33 -60 

wo2
Moo2 

2 -00 
2 .oo 

13500 
135-0 

PbO 
CdO 

2.20 
2.35 

33.60 
26.85 

Nbo2 
Pb02 

2.01 
2.16 

132 5 
107.O 

C a0 2.40 25.10 Z r 0 2  2.20 101.o 
SrO 2.58 19.15 Ce02  2.34 82 .o 
BaO 
B O2 3  

A1203 I 
2.77 
1.66 

1.93 

14.35 
144.OO 

94-30 

uo2 
mo2 

2.37 
2.43 

78 .o 
71.7 

Conclusions 

1. An equation f o r  the ca lcu la t ion  of viscosi ty  i n  molten salts (oxides) is 
presented. 

2. V i scos i t i e s  f o r  several ch lor ides ,  f l u o r i d e s ,  su l f ides  and oxides are 
calculated. 
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